Abstract Melanocytic tumors originating in the central nervous system (MT-CNS) are rare tumors that generally have a favorable prognosis, however malignant tumors do occur. Pathogenetically MT-CNS are not well characterized. Similar to uveal melanoma and blue nevi, they frequently harbor activating GNAQ or GNA11 mutations. Rare NRAS mutations have also been reported. Other mutations have not yet been described. We analyzed 19 MT-CNS, 7 uveal melanomas and 19 cutaneous melanomas using a targeted next generation sequencing approach analyzing 29 genes known to be frequently mutated in other melanocytic tumors (in particular uveal and cutaneous melanomas). In concordance with previous studies, cutaneous melanoma samples showed frequent NRAS or BRAF mutations, as well as mutations in other genes (e.g. NF1, RAC1, PIK3CA, ARID1A). Metastasized uveal melanomas exhibited mutations in GNAQ, GNA11 and BAP1. In contrast, MT-CNS almost exclusively demonstrated mutations in GNAQ (71 %) or GNA11 (12 %). Interestingly both GNA11 mutations identified were detected in MT-CNS diagnosed as intermediate grade melanocytomas which also recurred. One of these recurrent cases also harbored an inactivating BAP1 mutation and was found to have lost one copy of chromosome 3. Our findings show that while MT-CNS do have GNAQ or GNA11 mutations, they rarely harbor other recurrent mutations found in uveal or cutaneous melanomas. Considering chromosome 3 and BAP1 loss are robust markers of poor prognosis in uveal melanoma, it will prove interesting to determine whether Electronic supplementary material The online version of this article
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Introduction
Primary melanocytic tumors of the CNS (MT-CNS) arise from the leptomeninges and histologically represent a spectrum of lesions ranging from well-differentiated melanocytomas to malignant melanomas. Melanocytomas are the most common MT-CNS and are frequently located in the posterior fossa or upper spinal cord [1] . Melanocytomas generally show benign clinical behavior, with the majority of patients being cured by complete tumor excision. However, recurrences are not infrequent [2] . Overtly malignant MT-CNS, generally designated primary CNS melanomas, are extremely rare.
In patients in whom a proliferation of melanocytes in the central nervous system is identified, the possibility of melanoma metastasis (from a cutaneous, mucosal or uveal primary tumor) must be excluded before a primary CNS tumor can be diagnosed, as the former occurs considerably more frequently than MT-CNS.
Recent years have brought about a wealth of information regarding the genetic alterations in various melanocytic tumors. In cutaneous melanoma, in addition to previously known mutations such as BRAF and NRAS, recurrent mutations in a multitude of other genes have been identified (e.g. NF1, RAC1, ARID2, PPP6C, MAP2K1) [3, 4] . In uveal melanoma, activating mutations in GNAQ and GNA11 were identified [5] , as well as mutations in BAP1 [6] , SF3B1 [7] and EIF1AX [8] . Inactivating BAP1 mutations are associated with poor prognosis, whereas SF3B1 and EIF1AX mutations primarily occur in tumors which do not metastasize.
In MT-CNS, the occurrence of activating GNAQ and GNA11 mutations has been well documented [9] [10] [11] . The common occurrence of these mutations in uveal melanoma and their rarity in cutaneous melanoma points toward a pathogenetic relationship of MT-CNS with uveal melanomas. This is further supported by the finding that TERT promoter mutations, frequent events in cutaneous melanoma [12, 13] , are rare in uveal melanoma [14] , and are not present in CNS melanocytomas [11] . In rare, mainly pediatric MT-CNS cases, NRAS mutations have been reported [15, 16] . The presence of other recurrent mutations in MT-CNS is currently unknown.
Recent work by Küsters-Vandevelde et al. [17] . demonstrated GNAQ and GNA11 mutations in CNS melanocytomas and found at least one tumor to have copy number alterations similar to uveal melanoma (loss of chromosome 3 and gains of chromosome 8q) [18, 19] . Another melanocytoma was found to have a gain of chromosome 6, an alteration that is frequent in both uveal and cutaneous melanomas [19] [20] [21] . A detailed study by Koelsche et al. [22] analyzed copy number alterations, methylation profiles and individual activating gene mutations in melanocytomas, schwannomas and melanomas. Compared to the other tumor types, melanocytomas showed a distinct DNA methylation profile. Chromosome 6p gains and chromosome 3 losses were found to be mutually exclusive and were observed in 6/18 (33 %) and 3/18 (17 %) melanocytoma samples, respectively.
The aim of our study was to analyze the occurrence of gene mutations known to be frequent in cutaneous or uveal melanoma in a cohort of MT-CNS using a next generation targeted sequencing approach.
Materials and methods

Sample selection
Samples of MT-CNS were retrieved from the Institute of Neuropathology, Essen, Germany, the Institute of Neuropathology, Bonn, Germany, as well as the Institute of Pathology, Catholic University in Rome. None of the melanocytoma patients had a clinical history of a synchronous uveal, cutaneous or other melanoma. Uveal and cutaneous melanoma samples used as control tissue samples were retrieved from the Department of Dermatology, Essen, Germany. Tumor tissue was identified and DNA of sufficient quality for genetic analysis was isolated after macrodissection. Eight samples (indicated in Table 1 ), where specific gene mutations (GNAQ and GNA11) had been screened by pyrosequencing, were previously reported [15] . The study was performed in accordance with the guidelines of the Ethics committee of the Faculty of Medicine of the University DuisburgEssen.
Histopathology and immunohistochemistry
Formalin-fixed, paraffin-embedded (FFPE) tissue samples of 19 MT-CNS were obtained. For histopathologic examination, 2 lm-thin sections were routinely stained with hematoxylin-and-eosin. Additional immunhistochemical (IHC) stainings for S100 (1:5000, Dako, Glostrup, Danmark; Z0311), melanocytic markers Melan A (1:100, Dako, Glostrup, Danmark; M7196) and HMB45 (1:200, Dako, Glostrup, Danmark; M0634), BAP1 (described below), and the proliferation marker Ki67/MIB1 (1:200, Zytomed, Berlin, Germany; MSK0810) were performed. Diagnoses were made based on criteria described by Brat et al. [23] . Melanocytomas are well-differentiated MT-CNS with no or very low mitotic activity (0-1 mitoses per 10 HPF) devoid of CNS infiltration. Ki67/MIB1-staining is B2 %. Intermediate grade melanocytomas are characterized by increased mitotic activity and microscopic CNS invasion, but are not sufficiently anaplastic to warrant the designation of malignant melanoma. Ki67/MIB1 staining ranges from 1 to 4 %.
All histologic and IHC sections were reviewed by at least two histopathologists (JvdN, KGG, MG, TP). The clinico-pathologic details are summarized in Supplemental Table 1 .
BAP1 immunohistochemistry
The BAP1 antibody used was rabbit polyclonal raised against a synthetic peptide corresponding to amino acids 430-729 of the BAP1 molecule (clone C-4, Santa Cruz Biotechnology Inc.). For immunohistochemical examination, 5 lm-thin sections were cut from representative FFPE tissue samples from each tumor. For antigen retrieval, the sections were transferred into a jar containing EDTA buffer solution (pH 8.0) at 90°C for 52 min. The primary antibody to detect BAP-1 (diluted 1:50 at 36°C for 24 min) was used in combination with a highly sensitive and specific polymer detection system applying the chromogen permanent red, resulting in an orange-red reaction product (Ultra view universal alkaline phosphatase detection kit, Ventana Ò ). The sections were counterstained with haematoxylin for 5 min. All stainings were performed by means of Ventana Ò Benchmark XT Autostainer. Tumors were scored as positive or negative according to nuclear staining of BAP1.
DNA isolation
10 lm-thick sections of FFPE tissue were deparaffinized according to the following protocol: 2 steps of 5 min xylene, 5 min 100 % ethanol, 5 min 95 % ethanol, 5 min 70 % ethanol, 5 min 50 % ethanol, rinsing in water. After drying, tumor tissue was manually macrodissected from the sections. Genomic DNA was isolated using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Targeted sequencing
A custom amplicon-based sequencing panel covering 29 genes (Supplemental Table 2 ) known to be recurrently mutated in cutaneous and uveal melanoma was designed and prepared applying the GeneRead Library Prep Kit from QIAGEN Ò according to the manufacturer's instructions. For adapter ligation and barcoding of individual samples, the NEBNext Ultra DNA Library Prep Mastermix Set and NEBNext Multiplex Oligos for Illumina from New England Biolabs were applied. Twelve samples were sequenced in parallel on an Illumina MiSeq next generation sequencer.
Sequencing analysis was performed applying the CLC Cancer Research Workbench from QIAGEN Ò . In brief, the following steps were applied. The workflow in CLC included adapter trimming and read pair merging before mapping to the human reference genome (hg19). Insertions and deletions as well as single nucleotide variant detection, local realignment and primer trimming followed. Additional information was then obtained regarding potential mutation type, known single nucleotide polymorphisms and conservation scores by cross-referencing varying databases (COSMIC, ClinVar, dbSNP, 1000 Genomes Project, HAPMAP and PhastCons-Conservation_scores_hg19). After the CLC processing, resulting csv files were analyzed manually. Mutations affecting the protein coding portion of the gene were considered if predicted to result in non-synonymous amino acid changes. To eliminate questionable low frequency background mutations calls, not uncommon in our experience with FFPE amplicon sequencing Italics-mutations known or assumed to be activating; bold-loss of function mutations; normal-missense mutation (frequently with unknown functional consequences); Pat patient; MT-CNS melanocytic tumor of the central nervous system; UM uveal melanoma; CM cutaneous melanoma; IG intermediate grade; Cut. cutaneous; fs frame shift; * = stop codon (nonsense mutation); ins insertion; del deletion; P primary tumor; R recurrence; CL cell line All mutations listed in the table were found to have an allelic frequency of at least 15 % # More detailed information and additional mutations are presented in Supplemental Table 3 ? Samples were previously analyzed for GNAQ and GNA11 mutations by pyrosequencing [15] approaches [24] , mutations were reported if the overall coverage of the mutation site was C30 reads, C15 reads reported the mutated variant and the frequency of mutated reads was C15 %. Sanger-sequencing was performed for EIF1AX exon 1 applying the primers F-CCTCCAGCACCTACTTGGTC and R-CTGGGTGACCTGCAATCTAC as previously described [21] .
Detailed listing of sequence analysis settings
The following analysis modules were applied sequentially in CLC Cancer Research Workbench using the notated settings: 1. Trim sequences (trimming barcode primers from NEB [Trim_NEBNextUltra_Adapter_List]); 2. Merge overlapping pairs (settings: mismatch cost: 2; minimum score: 8, gap cost: 3, maximum unaligned end mismatches: 0); 3. Map reads to reference (alignment to the human reference genome hg19, adjusted settings: mismatch cost: 2, linear gap cost selected, insertion cost: 3, deletion cost: 3, length fraction: 0.5, similarity fraction: 0.8, auto-detect paired distances selected); 4. Local realignment (option realign unaligned ends activated, multi-pass realignment set to 2); 5. InDels and structural variants (analysis for both insertions and deletions was applied allowing 3 maximum mismatches (unaligned end breakpoints) and requiring 2 minimum reads); 6. Trim primers of mapped reads (selecting file for primer sequences obtained from QIAGEN); 7. Low frequency variant detection (significance set to 1 %, minimum coverage to 10, minimum count to 2); 8. Configure QC for targeted sequencing (bed file of targeted region, minimum coverage of 30, options ignore non-specific matches and ignore broken pairs activated.); 9. Remove false positives (settings: minimum frequency of 2 %, minimum forward/reverse read balance of 0.05, minimum average base quality of 20.0); 10. Remove variants outside targeted regions (bed file of targeted genes) 11. Add information from overlapping genes (by cross-referencing ensemble_v74genes and ensemble_v74_mRNA); 12. Add exon number (obtained crossreferencing ensemble_v74_mRNA); 13. Add information about amino acid changes (applying ensemble v74CDS, hg18 and v74mRNA, and the standard genetic code for translation); 14. Add information from COSMIC (crossreferencing COSMIC); 15. Add information from ClinVar (cross-referencing to Clinvar_20131203); 16. Add information from common dbSNP (cross-referencing to dbSNP); 17. Add information from 1000 genomes project (crossreferencing to 1000 genomes phase 1; EUR, AMR, AFR); 18. Add information from HapMap (cross-referencing to HAPMAP phase 3; CHD, CHB, ASW, GIH, CEU, LWK, MEX, MKK, TSI, HCB, YRI, JPT); 19. Add conservation scores (cross-referencing to PhastCons-Conservation_scores_ hg19).
Copy number analysis
Array-based comparative genomic hybridization (CGH) was performed to analyze DNA copy number alterations (CNAs) applying Agilent Ò 180 K CGH arrays. Methods for hybridization and analysis have been described previously [21, [25] [26] [27] [28] .
Results
Patients and histopathological characteristics
The MT-CNS samples came from 17 patients aged 16- 
Targeted next generation sequencing
The sequencing of all samples with the 29 gene assay identified recurrent activating Q209 mutations in GNAQ and GNA11 in the MT-CNS (Table 1 ; Fig. 1 ). Mutations in GNAQ were identified in 13 samples from 12 patients (12 of 17 = 71 %). Mutations in GNA11 were found in three samples from two patients (2 of 17 = 12 %). An inactivating BAP1 mutation leading to the formation of a stop codon at residue 60 (R60*) was identified in two samples of the same patient (the primary tumor and a recurrence, shown in Fig. 2 ). Other recurrent mutations were not identified in the MT-CNS samples. As controls, 7 uveal melanomas and 19 cutaneous melanomas were sequenced. The uveal melanoma samples harbored recurrent GNAQ (n = 2, 29 %) and GNA11 mutations (n = 4, 57 %). BAP1 mutations were identified in 4 samples (57 %), of which 3 (75 %) were clearly inactivating, leading to loss of the functional protein (Supplemental Fig. 1 ). The cutaneous samples showed a range of mutations. BRAF V600 mutations were detected in 10 of 19 (53 %) samples, including 7 V600E, 2 V600K and 1 T599_V600insT alterations. Another two samples carried N581S and P239L mutations of unclear functional significance. NRAS mutations were found mutually exclusively with BRAF mutations in 5 (26 %) samples and included 4 Q61K and 1 Q61R alterations. Other rarer mutations were identified, including NF1, PTEN, ARID1A, RAC1, KIT, SF3B1 and other mutations (see Table 1 ; Supplemental Table 3 reporting mutations with an allelic frequency C15 %). In 14 of the MT-CNS samples, exon 1 of the gene EIF1AX, which was not covered in the next gen sequencing panel, was sequenced by Sanger-sequencing, in search of recurrent mutations which are frequently seen in primary uveal melanoma samples; no EIF1AX mutations were identified.
BAP1 immunohistochemistry
Expression of BAP1 protein by tumors was analyzed by IHC in all MT-CNS cases. Almost all cases showed a convincing nuclear staining, showing BAP1 protein primarily located in the nucleus. In two samples, the primary and recurrent tumor from the same patient harboring the BAP1 R60* mutations, BAP1 IHC showed absent nuclear expression (Fig. 2) .
Copy number alterations
Genome wide chromosomal copy number analysis was performed on both samples identified as having inactivating BAP1 c.178C [ T, p.R60* mutations as well as two other MT-CNS (also intermediate-grade melanocytoma) samples, both harboring GNAQ c.626A [ T, p.Q209L mutations. Whereas no or minimal changes (gain of 6p and loss of parts of 16q) were observed in the BAP1-wild-type MT-CNS (Fig. 3) , several alterations were seen in the BAP1-mutant tumors. These included losses of Chr. 1p, gains of Chr. 8 and most importantly a complete loss of one copy of Chr. 3.
Discussion
In our study, a larger cohort of MT-CNS was screened for mutations in a range of genes known to be recurrently mutated in other melanocytic tumors, in particular cutaneous and uveal melanoma. Other than the known mutations in GNAQ and GNA11, none of the other genes analyzed were found to harbor recurrent mutations in MT-CNS from different patients. These results indicate that MT-CNS have a distinct genetic mutation profile, differing from both uveal and cutaneous melanoma. In the uveal melanoma samples analyzed, 4 out of 7 (57 %) had mutations in BAP1. Three of these (75 %) were clearly inactivating, being nonsense or frameshift mutations resulting in a nonfunctional protein (Supplemental Fig. 1 ). This frequency is similar to previously reported results [6] . Potentially events inactivating BAP1, such as promoter methylation or homozygous deletions, not detected by our sequencing approach, may have taken place in some of the remaining samples. As all samples available for analysis in the study were metastases, it was not surprising that other mutations such as SF3B1 and EIF1AX, which are known to be associated with a good prognosis, were not observed [7, 8] .
The mutations identified in cutaneous melanomas reflect those described in previous studies [3, 4] with activating BRAF and NRAS mutations in 53 and 26 % of samples, respectively. Additionally, our screen identified a number of other recently described mutations such as two hotspot R29 RAC1 mutations [4] , 3 inactivating NF1 mutations, 2 inactivating ARID1A mutations and 2 KIT mutations. One KIT mutation, K642E, is clearly activating and was identified in an NRAS and BRAF wild-type sample [29] . The described mutations detected in cutaneous melanoma samples, were not identified in MT-CNS.
The high mutation frequency of GNAQ and GNA11 mutations detected in MT-CNS is intriguing. As we previously reported [15] , in contrast to uveal melanomas, MT-CNS samples much more commonly harbor GNAQ mutations than GNA11 mutations. Concordant with our previous study [11] , our targeted next generation sequencing in the current study identified 71 % GNAQ and 12 % GNA11 mutations. Küsters-Vandevelde et al. also recently reported more frequent GNAQ mutations (37 %) than GNA11 mutations (10 %) in MT-CNS. Blue nevi, benign melanocytic proliferations of the skin, also show a similar distribution with 55 % GNAQ and 7 % GNA11 mutations reported in one study [5] . The distribution of mutations in primary uveal melanoma samples is more evenly distributed, however still shows slightly more GNAQ (45-47 %) than GNA11 (32-44 %) mutations [5, 30] . In contrast, a higher frequency of GNA11 (57-60 %) to GNAQ (20-22 %) mutations has been reported in uveal melanoma metastases [5, 31] . The shift in mutation frequencies from GNAQ to GNA11 from benign to increasingly malignant tumors may indicate GNA11 mutations are associated with a more malignant phenotype in this entity.
Interestingly, both of the two mutant GNA11 cases (three samples from two patients) we observed in MT-CNS were rated intermediate grade melanocytomas. Furthermore, both mutant GNA11 MT-CNS cases were tumors that recurred. One of these cases also harbored an inactivating BAP1 mutation. Küsters-Vandevelde et al. also reported that all melanocytomas in their cohort with GNA11 mutations were of intermediate grade [17] . If future studies with larger case numbers report similar findings to our study, this could signify GNA11 mutations are also associated with a more aggressive phenotype in MT-CNS. Considering the similar occurrence of GNAQ and GNA11 mutations in a high frequency of MT-CNS and uveal melanomas, it would seem likely that MT-CNS could potentially also harbor mutations in other genes known to be relevant in uveal melanoma, in particular the recently identified mutations in SF3B1, EIF1AX and BAP1 [6] [7] [8] . Mutations in these genes are found in most uveal melanoma samples and with rare exceptions are mutually exclusive. BAP1 mutations are associated with metastasis and poor prognosis [6] , whereas SF3B1 and EIF1AX mutations primarily occur in tumors with a favorable prognosis [8] . As MT-CNS are mostly benign tumors with a favorable prognosis, it would seem likely that they could also harbor SF3B1 or EIF1AX mutations. However, in our study, no such mutations were present. One case (of 17 = 6 %) did harbor an inactivating BAP1 mutation. These results suggest that mutations in uveal melanoma genes other than GNAQ and GNA11 are rare in MT-CNS.
Although only identified in one MT-CNS case (1 of 17 = 6 %), the case with BAP1 inactivation and Chr. 3 loss is intriguing. Other recent studies have shown that losses of Chr. 3 in MT-CNS are rare, however they do occur [17, 22] . Similar to our findings, the chromosomal alterations in these cases are highly reminiscent of uveal melanomas with a poor prognosis [19, 32] . As such, screening for inactivating BAP1 mutations and/or Chr. 3 loss could represent a relevant prognostic marker in MT-CNS. In our MT-CNS case harboring both a loss of Chr. 3 and an inactivating BAP1 mutation, both patient history and MRI scans showed no sign of uveal melanoma. Unfortunately, detailed patient follow-up data was not available, but the tumors recurrence alone could indicate more aggressive behavior. As BAP1 loss was clearly demonstrated by IHC, genetic screening may not be necessary. Additional studies with greater case numbers are needed to determine the full prognostic value of BAP1 and Chr. 3 status in MT-CNS.
Our study screened for the presence of mutations in many genes known to be recurrently mutated in cutaneous and uveal melanomas. The results show that MT-CNS are genetically distinct from cutaneous melanomas. Although MT-CNS share frequent GNAQ and GNA11 mutations with uveal melanomas, mutations in other uveal melanoma genes were very rare. This argues that MT-CNS are genetically related but still distinct from uveal melanomas. It stands to reason that MT-CNS must harbor additional, as yet unidentified gene mutations warranting whole-exome or whole-genome studies. The identification of novel gene mutations unique to MT-CNS would be a valuable diagnostic tool to help distinguish MT-CNS from metastases of melanocytic tumors from other sites.
